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Abstract: Dye sensitized solar cells (DSSC) have become a topic of significant research in the last two decades because of their fundamental and scientific importance in the area of energy conversion. Ease of fabrication with widely available materials coupled with reasonable efficiency has made DSSC a promising candidate in low cost solar cells and its research. The use of synthetic dyes as sensitizer in DSSC provide better efficiency and high durability, but they suffer from several limitations such as higher cost, tendency to undergo degradation, and usage of toxic materials. These limitations have opened up for alternate sensitizers that are bio compatible natural sensitizers. Natural sensitizers contain plant pigments such as anthocyanin, carotenoid, flavonoid, and chlorophyll are responsible for chemical reactions such as absorption of light as well as injection of charges to the conduction band of TiO2 by the sensitizer. Therefore, dyes containing these pigments can easily be extracted from natural products like fruits, flowers, leaves, seeds, barks etc and can be employed as sensitizer for DSSC. 
The main objective of this review is to discuss the operation of natural dye based DSSC along with the various components that are present in it. It also details and tabulates the various plant pigments present in the natural products which are employed as sensitizer in DSSC. Furthermore, a detailed summary of the work carried out by different research groups on natural dye based DSSC is also reviewed. Issues on stability and future development of natural dye based DSSCs have been addressed.
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Dye sensitized solar cells (DSSC) have attracted considerable attention due to the simple preparation procedure, architectural and environmental compatibility and good performance under diffuse light conditions. The concept of DSSC was first proposed by Gratzel and his co workers in the year 1991 [1]. The first DSSC developed was found to absorb visible light up to approximately 800 nm and the energy conversion efficiency exceeding 7 %. In the year 2011, the conversion efficiency reported was 11.4 % by employing nanostructured semiconductor electrodes [2-4]. Recently a conversion efficiency of 13 % was reported by Mathew et al [5] by using mesoporous semiconductor electrodes and porphyrin sensitizers. 
The absorption of light in the DSSC has achieved through a sensitizers embedded in TiO2 architectures. The sensitizers are comprises of inorganic dye molecules, organic dye molecules and metal-organic dye molecules. Organic metal complexes and organic dyes have been successfully employed to sensitize nanocrystalline semiconductor [6]. The most successful sensitizers in terms of efficiency and stability are based on Ruthenium (Ru) bipyridyl compounds [7]. Moreover, these dyes are also having advantageous characteristics such as higher absorption in the visible range of solar spectrum, excellent stability, excellent electron injection and efficient metal-to-ligand charge transfer [8-10]. This metal-to-ligand charge transfer takes place at much faster rate than the back reaction, where the electron recombines with the oxidized dye molecule rather than flowing through the circuit and performing work [11]. Even though, Ru based dyes are capable of yielding conversion efficiencies greater than 10 %, their preparation normally requires multi-step procedures and time consuming chromatographic methods [12]. 
Also, organic dyes such as phthalocyanine, cyanine, xanthene, coumarine etc are also found to be poor sensitizers because of weak binding energy with TiO2 film and low charge transfer absorption in the whole visible region [13]. These organic dyes used in DSSC often bear a resemblance to the dyes that are present in natural products like flowers, fruits, leaves, tree barks, roots etc [4, 8]. Unlike synthetic dyes, the natural dyes are widely available, easy to prepare, cost effective, non-toxic, environmentally friendly and fully biodegradable [10, 14]. 
Many research groups have reviewed separately either on different types of materials that are used for the fabrication of electrodes [15, 16], or on the different types of electrolytes employed [15, 17, 18], or focused on various plant pigments [8, 19] that are present in the dye obtained from natural products. Similarly, few authors have discussed in detail only on the stability [8, 19, 20-27], future prospects [15, 28], and on the applications and future of DSSC based on natural dyes [8, 28-34]. 
This review article serves the purpose of consolidating all the materials employed for DSSC fabrication, different electrolytes used and the types of plant pigments and its influencing parameters such as open circuit voltage, short circuit current, fill factor etc. It summarizes the work carried out by different research groups over the years on natural dye based DSSCs. The stability and degradation of DSSC components along with recommendations for enhancing the stability and are also examined. Finally, the future development and the need for commercialization have also been addressed.
2. Operating Principle







Fig. 1. Schematic representation of DSSC
It consists of various components as listed below:
1.	A transparent conducting oxide (TCO), usually comprises of fluorine doped tin oxide (FTO) or indium doped tin oxide (ITO). However, there are reports available for some alternative low cost materials used as TCO such as graphene, aluminium doped zinc oxide (AZO) and doped TiO2. 
2.	Mesoporous metal oxide layer, which acts as a photo anode usually developed from TiO2 nanoparticles. 
3.	Sensitizer (dye molecules), which is anchored into the photoanode.
4.	Electrolyte, mostly iodide-tri iodide electrolyte that undergoes redox reaction.
5.	A counter electrode, generally a glass coated with platinum.
In DSSCs, the dye molecules that are adsorbed on the surface of mesoporous TiO2 layer absorb the incident photons and gets excited. These excited dye molecules injects an electron into the conduction band of the mesoporous photoanode network and the dye molecules that loose an electron gets oxidized [35]. These injected electrons travel through the TiO2 layer to the external load to reach the counter electrode (CE). These electrons are then transferred to the electrolyte where the oxidized dye receives electron from I- ion to replace the lost electron and simultaneously, the iodide molecules are oxidized to tri iodide ions (I3-) [36]. Finally, regeneration of I- ion takes place at CE (cathode), and migration of electron through the external load completes the circuit [37].
3. Constituents of DSSC
3. 1. Semiconductor electrode
	In DSSC system, a mesoporous TiO2 film that provides a large surface area for the chemisorption of dye on the surface of the electrode. Typically 10-12 µm mesoporous films with 20 nm diameter particles and porosity of 50 % can absorb the entire incident light and their power conversion efficiency can reach up to 11.2 % [38]. The need for absorbing more light in DSSC was the driving force behind the development of mesoscopic semiconductor material [8, 39]. Oxides such as TiO2, ZnO, SnO2 and chalcogenides have been extensively studied as photoelectrodes due to their wide application in energy storage and environmental remediation. 
Among all oxide materials, TiO2 is cheap, non-toxic and also has good stability [8]. It aids in yielding highest values of Voc, Isc, incident photon-to-current conversion efficiency (IPCE) and efficiency () when used as semiconductor electrode [40]. TiO2 film in anatase phase is mostly preferred over rutile phase TiO2 as it exhibits photocatalytic degradation of organic compounds under UV radiation [8, 41, 42]. Whereas, rutile phase of TiO2 absorbs only 4 % of incident light in the near UV-range and band gap excitation generated holes reduces the stability of DSSCs [8]. 
Many metal oxide semiconductors are also employed as photoelectrode for the fabrication of DSSC. The ZnO films prepared on a conducting glass substrate by sol – gel technique [43] resulted in an efficiency of 0.4 %. To improve the efficiency of ZnO, Saito et al [44] fabricated ZnO photo anodes by squeegee method and obtained an efficiency of 6.58 %. Thus, ZnO showed higher electronic mobility, making it more desirable for use in DSSC. But ZnO based DSSCs were found to have lesser life time which was attributed to the degradation of organic materials, especially dye under light irradiation or with increasing temperature, oxygen absorption, chemical change of electrodes and interface instability [45].
In order to improve the efficiency of ZnO, combination of ZnO/TiO2 was employed as the electrode in DSSC. This was prepared by using RF magnetron sputtering by Wu et al [46] and reported an increase in conversion efficiency from 4.76 % to 6.55 %. But the drawback lies in the requirement of expensive vacuum technology. In order to overcome this drawback, Chou et al [47] prepared ZnO/TiO2 electrode by a non-vacuum solution technique. The power conversion efficiency reported was 6.62 % comparable to that of ZnO/TiO2 electrodes fabricated with high vacuum technology. Even ternary oxides with large band gap, e.g. Zn2SO4 (Eg=3.35 eV) [48] was synthesized by Tan et al [49] and an overall conversion efficiency of 3.8 % was achieved. Zn2SO4 was found to be more stable than ZnO against acidic dyes. 
	Since 1991, TiO2 has been identified as the paragon of semiconductor electrode inspite of its low electronic transfer and enhanced charge recombination [15]. In 2009, Krasovec et al [50] fabricated DSSC that could yield an efficiency of 10.2 % with a unique TiO2 paste obtained by dissolving Ti- isopropoxide into a mixture of ethylene glycol and citric acid. Stathatos et al [51] fabricated TiO2 nanocryatalline thin films at low temperature leading to a conversion efficiencies of 5.3 % and 3.2 % under 1 sun for cells fabricated on F: SnO2 glass and ITO coated plastic substrates respectively. 
Later, Chou et al [52] reported on the preparation of a composite electrode based on p-type NiO particles by spin coating technique. The conversion efficiency of DSSC with TiO2/NiO composite particles was reported to be 3.8 % when compared to the conventional DSSC that showed a conversion efficiency of 3.27 %. This increase in efficiency was attributed to the effects of NiO barrier and n-p junction [47, 52]. DSSC with F doped TiO2 were introduced by Yang et al [53] and addition of F was found to influence the formation of anatase Titania phase. The total trap densities decreased remarkably when TiO2 electrode was doped with F and was found to exhibit an efficiency of 8.07 % which was 11.30 % higher than that of a pure TiO2 electrode. 
Modification of TiO2 electrodes by covering it with a thin layer of insulator or other semiconductor can improve the photo electrical properties and efficiency of TiO2 by generating an energetic barrier that could prevent back reaction. With this aim, Zalas et al [54] have modified the TiO2 layer with gadolinium. The modified electrode adsorbed lesser amount of dye, but was found to exhibit an efficiency of 0.55 % when compared to non-modified electrode that exhibited an efficiency of 0.74 % under 400 W/m2 tungsten-halogen lamp irradiation.
3.2. Electrolyte
Electrolyte is one of the key components of DSSC that provides internal electric ion conductivity by diffusing within the mesoporous TiO2 layer and it is the important factor for determining the cell performance [55]. Therefore, many efforts have been carried out to study the different kinds of electrolytes such as volatile organic solvent (VOS), room temperature ionic liquid electrolytes (RTIL), polymer electrolytes, redox couple and so on [36]. 
VOS are commonly used as electrolytes in DSSC and are found to exhibit an IPCE peak value in the range of 74-78 % when compared to ionic liquid electrolytes [56]. Inspite of high efficiency, VOS has limitations such as poor long term stability of cells and necessity of complex scaling process [57]. Moreover, they have low boiling point (pyridine 115°, 2-picoline 128°C, TBP 197°C) which might cause degradation and loss of additives limiting the usage of VOS for practical applications [58].
As an alternative to VOS, RTILs have gained more attention because of their chemical stability, non-volatility, non-inflammability and high ionic conductivity at room temperature. The viscosity of non-volatile solvents is usually higher than those of VOS, leading to higher energy conversion [56]. Recently, Xu et al [58] have reported on synthesis of a pyridinyl-functionalized ionic liquid type additive, N-butyl-N’-(4-pyridylheptyl) imidazolium bromide exhibiting low volatility and high thermal stability. In spite of their advantages, problems such as leakage and volatilization of liquid solvents, hinders its use in DSSC. These liquid electrolytes also bring limitations to the shape of the device and introduce the risk of evaporation and solvent leakage [59]. To overcome these problems, polymer electrolytes have been chosen as a good candidate for DSSC applications.
Polymer electrolytes comprise metal salts of low lattice energy dissolved in polymer matrices such as ether, ester or amide linkages [35]. These electrolytes render various advantages such as excellent thermal stability, high ionic conductivity and eliminate the problems of sealing and solvent leakage [35, 60]. The ionic conductivity of these electrolytes arises from their rapid segmental motion combined with strong Lewis-type acid-base interaction between the cation and the donor atom present in their structure [35]. They also allow the assembling of large area cells which is even easier than assembling cells with liquid electrolytes [59].
Compared to other electrolytes, gel polymer electrolytes (GPE) are synthesized by trapping liquid solvents, organic solvents and inorganic salts such as propylene, ethylene carbonate and iodide salts of lithium, sodium and potassium. They also offer advantages such as low vapor pressure, excellent contact between the electrodes and higher ionic conductivity when compared to conventional polymer electrolytes [55].
Quasi solid state DSSC use nanocomposites organic-inorganic gel electrolytes with sol gel silica to solidify liquid electrolytes. These kinds of nano composite organic-inorganic gel electrolytes have some advantages. For example, (1) at the initial stage the fluid sol can penetrate into Titania mesoporous structure that ensures electrical conductivity between Titania and the electrolyte. (2) These gel electrolytes show higher ambient ionic conductivity as they give relatively similar environment for ionic movement with liquid electrolytes. (3) Device instability caused by evaporation of liquid electrolytes can be overcome as liquid electrolytes can be held inside the gel nets [61]. 
Recently, several GPEs are based on poly (acrylo nitrile), poly (ethylene glycol), poly (siloxane-co-ethylene oxide) and poly vinyldene fluoride-co-hexafluoro propyle (PVDF-HFP) [56]. Lai et al [62] have reported the fabrication of DSSC with gel type electrolyte containing     5 wt % PVDF-HFP in methoxy propionitrile (MPN) and incorporated alkyl-modified nanomica (AMNM) into it. This addition has resulted in an increase of Jsc from 8.3 to 13.6 mA cm-2 and efficiency from 3.5 to 5.7 %. 
An iodine free polymer gel electrolyte (IFGE) was prepared by employing 1, 2-dimethyl-3-propylimidazolium iodide (DMPII) as charge transfer intermediate and a polymer composite as the gelator without addition of iodine. The overall conversion efficiency of 4.94 % was obtained with a conductivity of 21.18 mS cm-2 under 100 mW cm-2 AM 1.5 illuminations [63].
3.2.1. Redox couple
Besides all the electrolytes, it is well known that iodide salts play an important role in determining the ionic conductivity of DSSC. But I-/I3- redox couple has few draw backs such as corrosion of metallic grids (silver or vapour-deposited platinum) and partial absorption of visible light near 430 nm by I3- species. [56].
In 2003, Kusama et al [64] have suggested additives to I-/I3- redox couple to enhance the performance of the solar cell. The influence of alkylpyridine additive to I-/I3- redox electrolyte in acetonitrile was studied with bis (tetrabutyl ammonium) cis-bis (thiocyanato) bis (2, 2’-bipyridine-4-carboxylic acid, 4’-carboxylate) ruthenium II as DSSC sensitizer. The alkyl pyridine additives decreased the short circuit current, but increased the Voc and fill factor of the solar cell. The efficiency of the DSSC obtained was 7.6 % under AM 1.5 solar radiation. Even though, I- /I3- redox couple offer high efficiency, it suffers from the drawback of energy loss during dye regeneration. Therefore to compensate for the loss, a redox mediator with more positive redox potential than I-/I3- has become the current research today. 
Min et al [65] used alternative redox mediators such as SCN-/(SCN)3, SeCN/(SeCN)3-, (CO2+/CO3+), (CO+/CO2+) coordination complexes and even organic mediators such as 2, 2, 6, 6-tetra methyl-1-piperidyloxy. These mediators were employed to impede the photo current leakage due to light absorption by trioxide ions and to minimize the voltage losses due to Nernst potential of iodine-based redox couple. Although many alternatives have been proposed to improve the efficiency of DSSC, until now I-/I3- redox couple offers the best efficiency.
3.3. Counter electrode
The open circuit voltage in DSSC is determined by the energetic difference between the Fermi levels of the TCO to the nanocrystalline TiO2 film and the counter electrodes. An ideal counter electrode (CE) should have low electrical resistance and high electro catalytic activity towards the iodide/triiodide redox reaction, being stable and transparent [66]. 
To catalyze the triiodide ions that are formed in the electrolyte by the reduction of iodide ions, platinum (Pt) is typically used as a counter electrode [67]. Although Pt as a counter electrode yields higher energy conversion efficiencies, it suffers from few limitations such as higher cost, instability in redox electrolyte, high temperature sintering [68] and resource scarcity [69]. These limitations of Pt demanded the development of an alternative low cost, chemically stable [68] counter electrode with good catalytic property. 
Many carbonaceous materials including carbon black, activated carbon, graphite, carbon nanotubes and graphene have been attempted as alternative counter electrode materials [70]. Many carbon materials used as counter electrode show less catalytic activity when compared with Pt and this can be compensated by increasing the active surface area of the catalytic layer using a porous structure [69]. These carbon counter electrodes are needed to be of few µm thicknesses more than Pt counter electrode in order to have comparable efficiencies of Pt counter electrode.
Amidst the carbon materials, graphene has emerged as a potential catalyst for DSSC. The most promising path for producing graphene related compounds is by spray deposition [66], doctor blading technique [68], electrophoretic deposition [70], chemical oxidation and reducing it either chemically or thermally. 
Cruz et al [66] have prepared stand-alone graphene films from graphene oxide (GO) nano platelets. Graphene films produced by spray deposition were found to have comparable efficiency and similar transparency as a reference counter electrode made of Pt. Reduced GO possesses some oxygen containing functional groups (–OH and =O) on the planes and (–COOH and carbonyl groups) on the plane periphery, along which lattice surface defects that are produced during oxidation of the graphene sheets. This was believed to be responsible for the electro catalytic activity and higher efficiency of graphene oxide films.
As a next step, Pt incorporated graphene based materials have been introduced into DSSC. Yue et al [70] used Pt nano particles/graphene nano sheets film on Sn: ITO substrate prepared by electrochemical deposition technique. The cells were found to exhibit excellent conductivity and high specific surface area from Pt nanoparticles with a high power conversion efficiency of 7.88 %. This was found to be 21.04 % higher than that of DSSC based on Pt counter electrode under AM 1.5 illumination of 100 mW/cm2. Recently, carbon nanotubes have been selected as one of the new materials for counter electrode [71] and are a promising alternative because of their low cost, large surface area and increasing efficiency. 
Incorporation of carbon nano tubes (CNT) into DSSC have been investigated, including spray coating, deposition of CNT-containing paste and growth of vertically aligned CNTs (VACNT) directly onto the substrate. Direct growth of VACNT is mostly preferred over other techniques, as VACNT’s results in dense and high surface area nanotubes that are electrically connected to the substrate rendering long-term stability of the electrode [67].
3.4. Natural Dye Sensitizers
Naturally available fruits, flowers, leave, bacteria etc exhibit various colors and contain several pigments that can be easily extracted and employed in DSSC [72]. Advantages of employing these natural dyes as photosensitizers in DSSC are due to their large absorption coefficients in visible region, relative abundance, ease of preparation and environmental friendliness [73, 74]. Most importantly, the synthesis route for natural dye based DSSC is cost effective as it does not involve noble metals like Ru. [19]. 





	Fig. 2. Classification of plant pigments

Table 1 illustrates the most common pigment types found in flower and fruit colors in plants.
Table 1 Most common pigment types found in flower and fruit colors in plants [76]
Color	Specific pigment type	Pigment group	Examples
Cream	Flavonols or flavones	Flavonoid	Most cream flowers
Pink to red		Carotenoid	Few red flowers and fruit, e.g. Lycopersicon esculentum (tomato) fruit
	Pelargonidinand/or cyanidin	Flavonoid	Most pink flowers and some fruit, e.g. Eustoma grandiflorum (lisianthus) flowers
	Pelargonidinand/or cyanidin	Flavonoid	Most red flowers and some fruit, e.g. Malus (apple)Fruit
	Anthocyanin and carotenoid mix	Flavonoid andcarotenoid	A few examples, e.g. Tulipa flowers
	Betacyanin	Betalain	A few examples in the Caryophyllales, e.g. Bougainvillea flowers
Orange		Carotenoid	Most orange flowers and fruit, e.g. Tagetes erecta(marigold) flowers
	Pelargonidin alone	Flavonoid	A few examples, e.g. Pelargonium flowers
	Anthocyanin andaurone mix	Flavonoid	Rare occurrence, e.g. Antirrhinum majus (snapdragon)Flowers
	Anthocyanin andchalcone mix	Flavonoid	Rare occurrence, e.g. Dianthus (carnation) flowers
	Betacyanin	Betalain	A few examples in the Caryophyllales, e.g. Portulaca(purslane) flowers
Yellow		Carotenoid	Most yellow flowers and fruit
	Aurone	Flavonoid	Rare occurrence, e.g. Antirrhinum majus flowers
	Chalcone	Flavonoid	Rare occurrence, e.g. Dianthus flowers
	Flavonol	Flavonoid	Rare occurrence, e.g. Gossypium (cotton) flowers
	Betaxanthin	Betalain	A few examples in the Caryophyllales, e.g. Portulaca flowers
Green		Chlorophyll	All green flowers and fruit
	Delphinidin	Flavonoid	Most blue flowers and fruit
	Cyanidin	Flavonoid	Blue rare occurrence, e.g. Ipomoea (morning glory) flowers
Purple		Carotenoid	Rare occurrence, e.g. Capsicum (pepper) fruit
	Cyanidin and/ordelphinidin	Flavonoid	Most mauve flowers, e.g. Petunia and some purplefruit, e.g. Solanum melongena (eggplant)
	Cyanidin and/orDelphinidin	Flavonoid andcarotenoid mix	Few flowers, e.g. Cymbidium orchids
Black	Delphinidin	Flavonoid andcarotenoid mix	Few black flowers, e.g. Viola (pansy)
3.4.1. Chlorophylls























Fig. 4. Chemical structure of commonly occurring flavonoid [83]
There is a limitation to the number of flavonoid structures that are found in nature, which vary in their state of oxidation from flavan-3-ol to flavonols and anthocyanins. Flavonoids also include flavanones, flavanonols and flavan-3, 4-diols [83]. Also there are five classes of compounds such as dihydrochalcones or 3-phenylpropiophenones, chalcones or phenyl styryl ketones, isoflavones or 3-phenyl chromones, neoflavones or 4-phenyl coumarins and aurones or 2-benzylidine-3-coumaranones. The individual compounds in each class are distinguished mainly by the number and orientation of hydroxy and methoxy groups in these two benzene rings [84]. 
In case of flavonoids, the charge transfer transitions from HOMO to LUMO require lesser energy, energizing the pigment molecules by visible light, leading to a broad absorption band in the visible region. This flavonoid gets rapidly adsorbed to the surface of TiO2 by displacing an OH– counter ion from the Ti (IV) site that combines with a proton which is donated by the flavonoid [19, 25]. 
3.4.3. Anthocyanins








Fig. 5. Basic chemical structure of anthocyanin pigment in which ‘R’ could be replaced with H, OH or OCH3 depending on the pigment. The numbers can be substituted with hydroxyl group from the Table 1 [73]

So far, 17 structures of anthocyanins have been reported [87] and are classified as per the number of sugar molecules which form compounds such as monosides, biosides, triosides etc. The number of compounds can be increased by taking into account of the sugar diversity as well as the possible structural points of glycosylation. 
	Anthocyanins are responsible for existence of attractive colors, from scarlet to blue, of flowers, fruits, leaves etc and are also identified in mosses and ferns [88]. Anthocyanins are also responsible for modifying the quantity and quality of light that is incident on the chloroplasts [89]. The type of anthocyanins present in plants is so variable that ornamental plants like dianthus and petunia present one main type of anthocyanin, whereas rosa, tulipa, and verbena have mixtures. On the other hand, some fruits are sources of anthocyanins as well. All types of anthocyanins are present in grapes. Whereas, cyanidin is present in apple, cherry, fig and peach; delphinidin is present in eggplant and pomegranate. Both cyanidin and peonidin are present in cherry sweet and cranberry. In flowers, anthocyanins are mostly located in epidermal cells, and occasionally in the mesophyll [75]. 
	Anthocyanin molecules have carbonyl and hydroxyl groups bound to the surface of TiO2 semiconductor, which helps in excitation and transfer of electrons from the anthocyanin molecules to the conduction band of porous TiO2 film [19]. 
Table 2 summarizes characteristic hydroxyl groups that are substituted in various positions in the basic anthocyanin structure. 
Table 2 Anthocyanidins Found in Nature – Substituted with a characteristic hydroxyl group [75]
Name	Position of substitution	Some of the produced colors
Apigeninidin 	5,7,4’ 	Orange
Aurantinidin 	3,5,6,7,4’	Orange
Cyanidin 	3,5,7,3’,4’ 	Magenta and Crimson
Delphinidin 	3,5,7,3’,4’,5’ 	Purple, mauve and blue
6 – Hydroxycyanidin	3,5,6,7,3’,4’ 	Red
Luteolinidin 	5,7,3’,4’	Orange





















Fig. 6b. Chemical structure of xanthophyll [108]


Fig. 6c. Chemical structure of Carotene [108]
All carotenoids can be considered as lycopene (C40H56) derivatives by the reactions involving: (1) hydrogenation, (2) dehydrogenation, (3) cyclization, (4) oxygen insertion, (5) double bond migration, (6) methyl migration, (7) chain elongation, (8) chain shortening [90]. 
They are also classified by their chemical structure as: (1) Carotenes constituting carbon and hydrogen, (2) Oxycarotenoids or xanthophylls containing carbon, hydrogen and additionally, oxygen. Also, carotenoids are classified as primary and secondary. Primary carotenoids are required by plants for the process of photosynthesis, whereas secondary carotenoids are localized in fruits and flowers. Carotenoids are accumulated in chloroplasts of all green plants as a mixture of α-and β-carotene, β-cryptoxanthin, lutein and so on [92]. Most of carotenoids synthesized are aliphatic, but some carotenoids have aromatic or β-rings in chlorobiaceae and chloroflexaceae [93]. 
Carotenoids possess two well known roles in photosynthesis process, (1) As accessory pigments in light harvesting, (2) As photoprotectors against oxidative damages. One of the major structural characteristics of carotenoids is the ability to absorb light that is established with the help of chlorophyll pigments. The light absorption is achieved by a photo induced transformation of ‘p’ delocalized electrons of carotenoid molecules. This in turn transfers the absorbed energy to the chlorophyll molecules to form a singlet chlorophyll state with a slightly higher energy. This transfer of energy from carotenoids to chlorophyll molecules is facilitated by physical structure of chlorophyll [75].







Table 3 Photoelectrochemical parameters of the DSSC’s sensitized with different natural dyes extracted from leaves, seeds, flowers, fruits, vegetables and tree barks





















Rosella (Hibiscus Sabdariffa L.)		TiO2	I-/I3‑	Anthocyanin	520	1.63	0.40	0.57	0.37	[21]



















Berberies Buxifolia Lam (Calafate)		TiO2	I-/I3‑	Anthocyanin	533	6.20	0.47	0.36	–	[100]
Myrtus Cauliflora Mart (Jaboticaba)				Anthocyanin	520	7.20	0.59	0.54	–	
Hylocereus costaricensis(Dragon fruit)		TiO2	I-/I3‑	Anthocyanin	535	0.20	0.22	0.30	0.22	[101]











Allium Cepa (Red onion)				Anthocyanin	532	0.51	0.44	0.48	0.14	
Punica Granatum (Pomegranate)		TiO2	I-/I3‑	Anthocyanin	412,665	2.05	0.56	0.52	0.59	[72]
Shiso		TiO2	I-/I3‑	Chlorophyll	440,600	3.56	0.55	0.51	1.01	[107]

























Light-Harvesting Complex II (LHCII) From Spinach		TiO2	I-/I3‑	Chlorophyll	436, 473, 652, 678	0.80	0.59	0.58	0.27	[11]

































A photo electrochemical cell utilizing flavonoid anthocyanin dyes, extracted from blackberries was reported by Cherepy et al [119]. Only the anthocyanin pigment; a mixture of cyanin 3-glycoside and cyanin 3-rutinoside was used as a sensitizer for TiO2. The photo electrochemical cell was found to exhibit a conversion efficiency of 0.56 % under full sun. The open-circuit voltages of 0.4-0.5 V, and short-circuit currents of 1.5-2.2 mA/cm2 were observed suggesting the possibility of efficient charge carrier injection. The value of efficiency was estimated from the injection and recombination rate constants. The electron recapture by the redox mediator and light screening mechanisms were found to limit the efficiency of the cell.. 
Usage of blackberry extract to sensitize TiO2 was also reported by Olea et al [120] in 1997. The black berry extract sensitized TiO2 was reported to exhibit an increased photocurrent response attributing to excess generation of photoelectrons due to light absorption by the extract. The maximum current, the maximum voltage and overall efficiency of DSSC with 4 cm2 active area cell were reported to be 4 mA, 300 mV, and 1 %, respectively.
 Garcia et al [102] reported the use of fresh extracts of chaste tree fruit, mulberry and cabbage-palm fruit as TiO2 sensitizers in thin-layer sandwich-type photo electrochemical solar cells. These natural dyes resulted in a short circuit current and open circuit voltage values similar to that of traditional synthesized dyes. The short-circuit current  obtained from 0.5 cm2 of DSSC using the fresh extracts of chaste tree fruit, mulberry and cabbage-palm fruit as sensitizers were 1.06, 0.86 and 0.37 mA, respectively and the open-circuit voltage for these sensitizers were 390, 422 and 442 mV, respectively. 
Hao et al [13] fabricated DSSC using natural dyes extracted from black rice, capsicum, erythrina variegata flower, rosa xanthina and kelp. The short circuit current values was found to vary from 1.142 mA to 0.225 mA, the open-circuit voltage from 0.551 V to 0.412 V, the fill factor from 0.52 to 0.63, and the maximum power from 58 μW to 327 μW. Among all these sensitizers, black rice was reported to have the best photosensitization effect. This was attributed to the better interaction between the carbonyl and hydroxyl groups of anthocyanin molecule present in the black rice extract with the surface of TiO2 porous film.
Extracts from tropical flowers were studied as sensitizers for TiO2 by Fernando et al [121]. Photocurrent densities ranging from 1.1 to 5.4 mA/cm2 were obtained with photo voltages ranging from 390 to 410 mV. The overall efficiency and fill factor of these cells obtained was found to vary from 0.2 to 1.1 and 0.53 to 0.64 respectively. 
In the year 2007, Wongcharee et al [95] have fabricated DSSC’s using natural dye extracted from rosella, blue pea flowers and a mixture of these extracts. It was reported that the mixed extract adsorbed on TiO2 does not show synergetic light absorption and photosensitization when compared to the individual extracts. The efficiency of DSSC with dye extracted from rosella, blue pea flowers and a mixture of these extracts was reported to be 0.37 %, 0.05 % and 0.15 % respectively. By decreasing the pH value and the extraction temperature of rosella dye, it was found that the efficiency improved from 0.37 % to 0.70 % for the DSSC utilizing rosella extract.
Calogero et al [27] have fabricated and characterized DSSC based on bougainvillea, red turnip and the purple wild sicilian prickly pear fruit juice. The fabrication of DSSC with red turnip was reported to be the best performance work that resulted in a remarkable current density of 9.5 mA/cm2 and efficiency of 1.70 %.  Also the purple extract of the wild sicilian prickly pear fruit showed interesting performances, with a current density of 9.4 mA/cm2, with a conversion efficiency of 1.26 %. The ball-shaped roots of red turnip contain a high concentration of betaxantins (betalain pigments) which was reported to be the reason for the high efficiency of DSSC using red turnip extract. The presence of carboxylic groups in the betalains was found to increase the anchoring of this sensitizer on the surface of TiO2. 
DSSC sensitized with pomegranate juice produced an efficiency of 1.50 % which was reported by Bazargan et al [122]. The pomegranate juice contains flavylium (cyanin derivative) at natural pH which was responsible for good bonding between the dye and the TiO2.  Flavylium is red in color and strongly bond with Ti4+ via emanating H2O molecule is also responsible for increase in the efficiency. 
Pigments of shisho plants, a well-known vegetable in Japan were employed as sensitizer. Two anthocyanin pigments of shiso plant, referred as shisonin and malonylshisonin were used in DSSC. A promising efficiency of 1.30 % with current density of 4.80 mA and open circuit voltage of 0.53 was reported by Kumara et al [123]. The pigment shisonin was also separately examined by the authors and reported to have an efficiency of 1.01 %.  
Natural dyes extracted from natural materials such as flowers, leaves, fruits, traditional Chinese medicines and beverages were used as sensitizers for the fabrication of DSSC [107]. The open circuit voltage obtained was found to vary from 0.38 to 0.69 V and the current density was found to vary from 0.14 to 2.69 mA/cm2. Specifically, a high open circuit voltage of 0.69 V was reported for the dye extracted from mangosteen pericarp sensitizer. 
Lawrence et al [124] have reported the extraction of various natural pigments containing anthocyanins from tropical flowers.  Flavonol glycosides from sesbania grandiflora and hibiscus rosasinesis were obtained to produce a promising efficiency of 1.02 %. The content of delphinidin derived anthocyanins and flavonol glycosides is more in magenta-colored hibiscus surattensis, which was also extracted to report the results with open circuit voltage value ranging from 0.39 to 0.41 V, short circuit current ranging from 1.1 to 5.4 mA/cm2, fill factor varying from 0.53 to 0.64 with overall efficiency ranging from 0.20 % to 1.14 %.  
Blue-violet anthocyanins from jaboticaba and calafate were employed as TiO2 sensitizers by Polo et al [125]. DSSC sensitized by jaboticaba extracts was reported to exhibit a current density of 9.0 mA/cm2, an open circuit voltage of 0.59 V, maximum power of 1.9 mW/cm2 and a fill factor of 0.54. Whereas the calafate sensitized cells revealed a current density of 6.2 mA/cm2, an open circuit voltage of 0.47 V, maximum power of 1.1 mW/cm2 and fill factor of 0.36. Photochemical stability of tannins made them an interesting and important class of natural dyes. 
Tannin pigments were obtained from red sicilian orange juice and were investigated by Calogero et al [14]. DSSC using tannins and other polyphenols extracted from Ceylon black tea was found to exhibit photocurrents of up to 8 mA/cm2with a conversion efficiency of 0.66 %. 
Dyes of curcumin obtained from Curcuma longa L. by Kim et al [100] were used as sensitizer in DSSC. The current density, open circuit voltage and fill factor were reported to be 1.6544 mA/cm2, 0.5511 V and 0.6646 respectively resulting in a conversion efficiency of      0.60 %.  
Natural dyes from the pigments of rhoeo spathacea stearn were used as sensitizers in water based DSSC by Lai et al [126]. Gold nanoparticles were used as a schottky barrier on a TiO2 electrode that adsorbs the dye on it. Such water based DSSC was reported to have reached the solar conversion efficiency of 1.49 % with the aqueous electrolyte of Ce4+/3+ system. 
So far, several natural dyes have been utilized as sensitizers in DSSC and it is found that the DSSC with different pigments can produce varied photosensitizing effects, mitigating that only preferred pigments convert sunlight into electricity. The best performance was found for betalain pigment due to the better interaction between betalain and TiO2 [127].
4. Performance of DSSCs
The performance of DSSC is generally evaluated by the current density-voltage (J-V) measurements [110]. The maximum power output (Pmax) is defined at the point where the product of current and voltage is maximum. Pmax can be calculated with the equation given below (Eq. 1)
										(1)
Imp and Vmp are the respective current and voltage values at maximum power [128]. The efficiency of a DSSC is very important and it gives a relation between the number of electron-hole pair produced to number of photons incident on the cell. Efficiency can be determined by the following equation (Eq. 2)
							(2)
Apart from Voc, Isc, and , fill factor (FF) is also an important parameter that determines the performance of a solar cell. The value of FF can be obtained from the equation (Eq. 3)
										(3)
5. Improvement of stability and efficiency of DSSC
In order to enter into the commercial market, the solar cells should have the capability of higher efficiency and stability. An ideal sensitizer for DSSC should absorb all the sunlight below 920 nm and should be capable of converting standard global AM 1.5 sunlight into electricity [129]. It has been considered that high stability of the dye can be obtained in a DSSC system by including I− ions as the electron donor to dye cations [30].
The structure of the dye also affects the stability, performance and efficiency of DSSC. In particular this happens when the structure of the pigment has longer R group, leading to the appearance of steric hindrance for the pigment molecules to bond with the surface of TiO2. The type of solvent used in extraction of natural dye also has impact on the stability and performances of DSSC [49]. Moreover, the pigment molecules present in the dye extract should have a shorter distance between the dye skeleton and the point connected to TiO2 surface. This could facilitate better electron transfer from the extract to the TiO2 surface resulting in an increased conversion efficiency of DSSC [36]. 
The dye extraction temperature plays a major role in determining the charge-transfer effectiveness of natural dye. This influences the sensitization effect, thus having a direct impact on the conversion efficiency of DSSC. Therefore, one of the ways to improve the photoelectric conversion efficiency is by controlling the temperature of dye extraction [60]. 
The efficiency of natural dye based DSSC can also be correlated to the interaction of the dye molecules with the TiO2 surface and also with the maximum absorption coefficient of the dye. Improved charge transfer leading to higher efficiencies can be accomplished with enhanced interaction between TiO2 and dye molecules. [25]. Also acid pretreatment of the TiO2 film can cause a shift in the conduction band of TiO2 to a more positive potential that helps in reducing the recombination of electrons. This process permits higher dye loading through the semiconductor surface [26]. 
Absorption coefficient of the photosensitizer and the light scattering effect of the semiconductor film improve the IPCE performance in the long wavelength region. Improving the open circuit voltage is also important for realization of higher efficiencies [20]. Generally, the open circuit voltages resulting from natural DSSCs are very poor which can possibly be due to the electron/dye cation recombination as well as due to the acidic dye adsorption environment. The limited photo voltages of such DSSCs are primarily attributed towards a positive shift in the Fermi level of TiO2 after adsorption of H+ ions by them. 
Often, crude and fresh extracts of natural products yielded good efficiencies than commercial or purified sensitizers. This could be due to the presence of ancillary molecules like alcohols, organic acids, etc that suppresses the recombination of electrons with electrolyte, favouring charge injection [27].
The photoelectrochemical and chemical stability of the solvent in the electrolyte is also a main factor that affects the stability of the DSSC. It is known that carbonate solvents decompose under illumination, resulting in the formation of a carbon dioxide bubble in the cell. Methoxyacetonitrile (CH3O-CH2CN) reacts with trace water in the electrolyte to produce the corresponding amide (CH3O-CH2CONH2), which decreases the conductivity of the electrolyte. Similarly, electrolyte contains iodine (I) and iodide (I-), which restricts the usage of metal materials in the system. So standard conductors like silver cannot be used and if needed, has to be protected by some sealing materials [21]. 
The stability of the vapor-deposited Pt electro-catalyst on a TCO substrate used as counter electrode needs investigation. Pt layer was found to be chemically instable in an electrolyte consisting of lithium iodide and iodine dissolved in methoxypropionitrile. Increased sheet resistance of the TCO substrate acts as an important parameter in reducing the efficiency and in particular the fill factor of the DSSCs [22].

6. Future Development and Commercialization
DSSC are becoming the future of energy because of its cost-effectiveness and increasing conversion efficiency levels. Conversion efficiencies over 11 % have already been obtained with single-junction solar cells and efficiency levels are predicted to reach 15 % universally with tandem liquid-electrolyte cells, but there is profusion space for further amelioration [30]. The advantage of developing DSSC is that they are easy to synthesize and simple to manipulate. They also perform better under diffuse light conditions and even at higher temperatures when compared with other solar cell technologies [31]. Mesoscopic DSSC is well suited from the low-power market to large-scale applications and for building-integrated photovoltaic technology. Using the principle derived from natural photosynthesis, mesoscopic injection solar cells, and in particular the DSSC, can become a credible alternative to solid-state p-n junction devices [32]. 
Recently, polymer substrates have been used as a replacement for the glass substrates of DSSC expanding possible commercial applications [33]. Polymer substrates allow roll-to-roll production, which helps in achieving high throughput. Polymer substrates also reduces the sintering temperature of TiO2 paste approximately to 150°C when used in DSSC producing mechanically stable TiO2 films [34]. Furthermore, experiments can be carried out using different substrate materials to improve the stability of TiO2 films. Thus potential of DSSCs can lead way to a more environmentally conscious future.
7. Conclusions 
This review summarizes all the materials starting from semiconductor electrode to that of the counter electrode of DSSC. The various materials used for the fabrication of each component of natural dye based DSSC were opined along with their drawbacks. We have also discussed the different plant pigments with their chemical constituents and responsibility in enhancing the charge injection thereby improvement in conversion efficiency. The drawbacks of synthetic dyes and the need for the replacement with natural dyes were elaborately discussed. An overview of noteworthy publications in the area of DSSC with reference to natural dyes has been reviewed. Even though natural dye based solar cells have lower light to electricity conversion efficiency when compared with cells employing synthetic dyes, they are relatively cheaper, environmentally friendly, non-toxic, and are easily manufactured. 
In majority of the natural products, anthocyanin pigments are available in a greater proportion and have become a good choice of study as it shows higher yields exhibiting higher stability. Investigations on other types of plant pigments such as flavonoids and carotenoids are relatively lesser when compared to that of anthocyanins. A detailed study on the chemical structure and bonding made by these pigment molecules with TiO2 surface can be carried out in order to obtain better yields and stability as compared to that of anthocyanin molecules. .Similarly, the life time and stability of the dyes can be improved with the choice of variety of natural dyes and with co sensitization with different stabilizers.
The life time and stability of DSSC can also be enhanced with improvement in nanoporous semiconducting electrode and various electrolytes. The chemical structure and interaction of polymer type of electrolytes with the TiO2 layer can be probed well for achieving conductivity similar to that of conventional liquid electrolytes. Then the stability of DSSC can be enhanced by employing polymer electrolytes without any hindrance to its performance.
Significant amount of research should be focused and directed in the improvement of the stability as well as efficiency of natural dyes. There are ample of opportunities for further development in regard to the repeatability and reliability of natural dyes as well as all other components of DSSC for the purpose of commercialization. 
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